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SYMBOLS 

pre-exponential factor in p:yrolysis relation, 
Equation (1) , p. 4 

pre-exponential factor in oxidation equation, 
Equation ( 3 ) ,  p. 4 

lb/f t sec 

lb/ft2sec atm" 

A 

AC 

As 

B 

pre-exponential factor in sublimation law, lb/f t sec 
Equation (l), p. 5 

activiation energy in pyrolysis relation, 
Equation (11, p. 4 

dimensionless ablation rate i/peueCM --- 

O R  activation energy in oxidation equation, 
Equation ( 3 ) ,  p .  4 

activation energy in sublimation law, 
Equation (l), p. 5 

OR 

value of B' before reduction in peueCM 
due to blowing 

blowing reduction quantity given by Equa- 
tion (ll), p. 6 

b 

'e mass fraction of available oxygen at outer 
edge of boundary layer 

CH 

CM 

BTU/lbO R 

lb/lb 

F 
P 

specific heat of pyrolysis gases 

mass fraction of available oxygen adjacent 
to heated surface CW 

see Ahc hc 

V 



he recovery enthalpy, driving potential for 
energy transfer 

BTU/lb 

see Ahs 

enthalpy of gases adjacent to heated surface hW 
BTU/lb 

lb/f t sec atm" 

1b/ft3/'sec atm'l2 

BTU/ft sec°F 

--- 

quantity defined by Equation ( 8 1 ,  p. 5 K *  

empirical constant in Equation ( 2 4 1 ,  p. 29 

thermal conductivity 

quantity defined by Equation (7), p .  5; 
s e e  also AL 

Lewis number Le --- 

lb/ft2sec 

lb/f t sec 

lb/f t sec 

lb/f t sec 

--- 

C m 

mOX 

m 
P 

mS 

n 

char oxidation erosion rate 

flux of available oxygen to surface 

rate of pyrolysis gas generated at pyrolysis 
plane 

char sublimation erosion rate 

oxidation reaction order, Equation ( 3 1 ,  p. 4 

P see AP 

atm 

BTU/ft2sec 

BTU/ft2sec 

BTU/ft2sec 

ft 

ft/sec 

P pressure 

convective heat flux 

cold wall convective heat flux 

radiative heat flux to wall 

radius of curvature r 

recession rate 

vi 



ss 

Tm 

TW 

ue 

Y 

GREEK 

a 

uC 

P a 

Y 

AhC 

Ahs 

AL 

AP1 

Ap2 

AS 

AT 

At 

6 

denotes "steady state" 

melt temperature 

surface temperature 

see peueCH, etc. 

distance from heated surface 

surface absorptance 

blowing correction coefficient for char 
flux, Equation (121, p .  6 

blowing correction coefficirent for 
pyrolysis gas flux, Equation (12), p. 6 

lb of carbon removed per lb of oxygen, 
Equation (131, p. 10 

heat of combustion of char 

heat of sublimation af char 

recession during observation 

As + JC 

As + 6c + 6 

total test recession 

P 

temperature increment 

time of observation 

thickness of char or of pyrolysis zone 

--- 

O R  

OR 

ft 

BTU/lb 

BTU/lb 

ft 

ft 

ft 

ft 

OR 

sec 

ft 

vii 



ft 

ft 

--- 

char thickness 

pyrolysis zone thickness (Ref. 5 )  

surface emittance E 

< 

x lb of char removed per lb of available 
oxygen reaching surface 

4 

P density 

lb/f t sec 

lb/f t sec 

'eUecH convective heat transfer coefficient 

PeuecHo convective heat transfer coefficient with 
no blowing reduction or blockage effect 

convective mass transfer coefficient lb/ft sec 

lb/ft2sec Pe'ecMo Convective mass transfer coefficient with 
no blowing reduction or blockage effect 

BTU/f t secoR4 

sec 

U Stefan-Boltzmann constant 

total test time 

SUBSCRIPTS 

C* denotes carbon 

denotes char, oxidation of char, or 
combustion of char 

C 

carbon denotes carbon 

e denotes outer edge of boundary layer; also 
see he' Pe'ecH' Pe'ecHol pe'ecMI Peuec&fo 

H 

M 

m denotes melt 
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obs 

ox 

P 

pred 

R 

S 

V 

W 

112 

SUPERSCRIPTS 

I (prime) 

* 

- 

denotes no blowing or no blockage value 

denotes observed experimental value 

denotes available oxygen 

denotes pyrolysis or pyrolysis gas 

denotes computer code prediction 

denotes radiation flux to heated surface 

denotes sublimation 

denotes virgin material 

denotes heated surface 

Ap2 denote successive estimates; also see APl1 

see B', BA 

see C* 

see F P 

see S 
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SECTION 1 

INTRODUCT I3N 

The work reported here aimed to define the range of applicability of a 
simple charring ablation computer code as applied to three materials. The . 
basic computer code employed is denoted CW.P I; it was developed at the 
NASA Langley Research Center and is described in References 1 and 2 .  Some 
supplemental calculations were done with a later, more elaborate version of 
CHAP I, denoted CHAP 11, which has not yet been described in the literature. 
The three materials considered included a :Low density nylon phenolic, the 
Apollo heat shield material, and a filled silicone elastomer. 
will be described in more detail subsequently. 

These materials 

The overall program had two major tasks, each with a number of subtasks, 
as indicated in Table 1. 

TABLE 1 

OUTLINE OF STUDY PROGRAM 

T a s k  

I 

Sub-Task 

1.1 
1.2 
1.3 

1.4 

I1 

11.1 

11.2 
11.3 

Activity 

Material Properties Data and Ablation 
Test Data Collection; Qualifying 
Calculations 
Ma.teria1 Properties Data Collection 
Ablation Test Data Collection 
Establishment of Agreement Criteria; 
Qualifying Calculations 
Reporting and Review 

Determination of the Applicable Range 
of the CHAP Program 
Iterative Computations to Define 
Properties 
Review of Properties 
Computation of Remaining Cases 
(Final Calculations) 
Reporting 11.4 



The two major tasks of the program are reported separately. The properties 
and ablation test data collected under Task I are reported in the previously 
issued Reference 3. The data of Reference 3 are not republished here due 
to the large volume of data, except in the case of particular ablation test 
cases chosen. 

As indicated in Table 1, Task I1 had two computational phases, denoted 
Subtask 11.1, Iterative Calculations, and Subtask 11.3, Final Calculations. 
The Iterative Calculations studied a limited number (four or five) test cases, 
with each test case being examined with a number of CHAP I runs to identify 
those input material properties that allowed the best match o f  predictions 
and data. The Final Calculations then used these properties in single computa- 
tions of interesting test cases. 

The three materials considered in this study were defined as follows: 

0 Low density nylon phenolic; composition by mass of about 23 to 
37 percent phenolic (phenol-formaldehyde) resin, 22 to 27 percent 
hollow phenolic microspheres, 40 to 60 percent nylon (cloth or 
powder); nominal virgin density about 36 lb/ft3 

0 Low density filled silicone elastomer; composition by mass of about 
72 to 78 percent silicone elastomer (polydimethyl siloxane or 
polymethylphenyl/dimethyl siloxane), 12 to 16 percent hollow 
silica microspheres, 8 to 12 percent hollow phenolic microspheres; 
nominal virgin density about 34 to 40 lb/ft3 

0 Apollo heat shield material, commercially designated Avcoat 5026- 
39-HC/G; principally epoxy novolac with hollow phenolic microspheres, 
with silica fibers added, gunned into phenolic/fiberglass honeycomb: 
nominal density 32 lb/ft3 

These materials were selected because numerous property and ablation test 
data were available for them, and because they are roughly similar to candidate 
charring ablators being proposed for thermal protection systems on reusable 
‘spacecraft (for example, the space shuttle). 

Test conditions of interest were defined as: 

0 stagnation pressure f 1.0 atm. 

0 stagnation point heating rate = 10 to 600 Btu/ft2sec. 

0 test stream total enthalpy = 2,000 to 20,000 Btu/lbm. 

0 stream oxygen mass fraction = 0. to 0.23 

with interest centering on a nominal space shuttle environment, namely, heating 
rates of 50 BTU/ft2 sec and less at an enthalpy of 10,000 to 15,000 BTU/lb 
with a total pressure of 0.1 atmosphere. 



M r .  Stephen S .  Tompkins of t h e  Mate r i a l s  Div is ion ,  Langley Research 

Center ,  Hampton, V i r g i n i a ,  w a s  t h e  t e c h n i c a l  r e p r e s e n t a t i v e  f o r  t h i s  p r o j e c t .  
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SECTION 2 

BRIEF DESCRIPTION OF THE CHAP I AND CHAP I1 CODES 

4 

The CHAP codes are described elsewhere (References 1 and 2), but some 
brief orientation in the present report may be useful. The CHAP I code is 
basically an implicit transient heat conduction code with elaborations to 
account for in-depth pyrolysis and for energy pick-up by the pyrolysis gas 
as it passes from the pyrolysis zone out through the char into the boundary 
layer. Pyrolysis is assumed to occur at a plane of zero width (the "pyrolysis 
plane") according to the relation 

-B/T m = Ae 
P 

where A and B are input constants. The location and temperature of the plane 
is determined at each instant by in-depth energy events. A fixed heat of 
pyrolysis is assumed. 

The surface energy balance may take a number of forms, but only two 
w e r e  used in this s tudy .  In Option 1, a full surface energy balance is 
computed to determine surface temperature and recession rate. The surface 
energy balance is 

qc (. - 2) (1 - b) + aqR + i Ahc = UET 4 -  k - +  3T m - Ah 
C W ay s s 

In this equation, the quantity 1 - b is the "blockage effect" or "blowing 
reduction", Ahc a heat of combustion (input as a function of Tw and p ) ,  mc 
an oxidation rate of char, and ms a sublimation rate of char removal. 
equation is used in conjunction with two mass loss equations for determining 
mc and is, and a blockage equation to compute b. 

This 

The oxidation rate ic is computed with a conventional kinetic control 
plus - diffusion limit relation, as discussed in Reference 2. The basic 
kinetic relation is 

-Bc/Tw 
m C = Ace (CWP 1 

The diffusion restriction is 



where the mass transfer coefficient peueCM is given by 

(1 - b) qC peuecM = Leos6 -- 
he 

For a half order reaction (n = 1/2), equations ( 3 )  and ( 4 )  may be combined 
to yield the mass loss law 

where 

2 

XPeUeCM 
L = K p L  

and - Bc/Tw 
K = A e  

C 

For first order (n = 1) kinetics, we 0btai.n 

The sublimation law is 

-B:JT . 
- m  

C m = Ase 
S 

( 5 )  

( 7 )  

(10) 

but this is set equal to zero unless it exceeds zero. 

It should be observed from the above that the CHAP I code is basically a 
frozen pyrolysis gas code in that the pyrolysis gases do not appear in the sur- 
face energy balance (no pyrolysis gas combustion term) and do not reduce the 
amount of oxygen available to the char su.rface. 

5 



The blockage factor b was computed from a builC-in second order 
correlation : 

b 0.724B;) - 0.13B0 '2 

where 

(11) 

The input constants CL and a allow the code user to discriminate between the 
effectiveness of the char and pyrolysis gas in blowing reduction. 

C P 

In the O2tion 2 boundary condition of C H A P ,  the surface recession and 
either the surface temperature or the cold wall heat flux may be input. 

The CHAP I1 is basically the CHAP I code with a revised pyrolysis law anc 
with a subroutine to compute the chemical history of the pyrolysis gas as it 
passes through the char. A 'chemical kinetic calculation determines the molecu- 
lar make-up of the pyrolysis gas throughout the char layer, and accounts 
as necessary for "coking" or carbon deposition from the gas as it travels 
through the char. 

6 



SECTION 3 

ITERATIVE CALCULATIONS 

3.1 PRELIMINARIES 

The iterative study required three preliminary activities: 

a a selection of initial property values for the first calculation 

a a statement of the criteria which will define satisfactory agree- 
ment between iterative case predictions and test data 

a a selection of the iterative cases 

The following suhsections will treat these preliminary activities. 

3.1.1 Initial or "Nominal" Property Values 

The initial property values were chosen to be the property values cited 
These properties were developed at the in the tables presented in Appendix A. 

NASA Langley Research Center during earlier ablation prediction studies and 
thus constitute logical first choices. Furthermore, these properties proved to 
be consistent with the experimental properties data reported in Reference 3 .  

3.1.2 Agreement Criteria 

Agreement criteria were established daring Task I effort and are reported 
in Reference 3 .  In summary, the criteria are 

Surf ace temperature 

The agreement criterion was set at 200'R with an important 
cautionary note about frequent substantial systematic errors due to 
uncorrected window and mirror losses, gas cap radiation interference, 
non-normal viewing angle effects,, and emittance assumptions. 

a Surface recession 

The recession prediction .is considered satisfactory if the 
predicted recession matches the observed recession to within 20 per- 
cent of the observed recession, except that agreement is not re- 
quired to be closer than 0.010 inches due to random measurement 
errors due primarily to surface roughness effects. Furthermore 
one must frequently allow for systematic effects of char swell and 
char shrinkage, 

7 



a Pyrolysis Penetration Depth 

Pyrolysis penetration depth is defined as the total penetra- 
tion of the pyrolysis zone as measured from the initial location of 
the heated surface. Since CHAP I uses a simple pyrolysis plane model, 
the code provides an unambiguous statement of the location of this 
line. Test data, on the other hand, show a pyrolysis zone of non- 
zero width, so that some caution is needed in interpreting reported 
data, 

The agreement criterion was set at 10 per cent of the observed 
depth, but not closer than 0.010 inches. 

a Thermocouple Criteria 

Agreement between calculated and observed thermocouples re- 
sponses will be judged satisfactory if 

dTm - T ) 2 4 sec - + 0.1 T (Tcalc m de m 

This criterion 
a the rmoc oup 1 e 

in effect specifies a permissible 4 to 5 second time lead for 
response prediction during rapid temperature rise periods. The 

criterion is therefore biased in favor of over-prediction since thermocouples 
generally lag the material reponse due to thermocouple capacitance and thermal 
contact effects. 

3.1.3 Selection of Iterative Test Cases 

3.1.3.1 General Criteria 

For the purpose of defining material properties by iterative calcula- 
tions, it was desired to have at least three test cases covering a range of 
environment conditions for each of the three materials studied. The three cases 
should if possible be close to the nominal shuttle conditions. Since none of 
the test cases matches the nominal shuttle condition closely, the choice of the 
three cases presents an interesting problem. 

The following criteria were established to guide the selection: 

1. The tests should have apparently reliable data, preferably with 
several thermocouples. 

2 .  The surface temperature should reach 3000OR to 4000OR; the range 
corresponding to the nominal shuttle condition (50 Btu/ft*sec, 0.1 
atm, 10000-15000 Btu/lb) implies a surface temperature of about 
3300'R to 3500'R. 

8 



3. 

4 .  

5. 

6. 

7. 

8. 

One case should be at about 4000"R to be certain to be on the 
diffusion controlled plateau for carbon surfaces. 

For nylon phenolic, one case should be clearly in the kinetically 
controlled oxidation regime; this point will be discussed below. 

At least one case should show a recession large compared with the 
char thickness (to avoid char swell or shrinkage influences on the 
recession): as a minimum objective, this case should have a 
recession > 50 mils. 

The qc should match the nominal shuttle condition as close as is 
convenient; this will follow almcxt automatically from condition (2) 
since q is the most important .variable influencing surface tempera- 
ture for the materials and conditions of interest here. 

If possible, the three cases should bracket the nominal shuttle con- 
dition in pressure, heat flux, and recovery enthalpy. 

At least one of the cases should have (a) a reliable surface tempera- 
ture measurement or (b) a reliable cold wall heat flux measurement 
to allow runs to be made with (a) specified surface temperature and 
recession or (b) specified cold wall heat flux and recession; such 
runs will allow the verification. of in-depth properties without in- 
terference from failures to predict surface events properly. 

C 

3.1.3.2 Consideration of Kinetically Controlled Carbon Oxidation 

The one non-obvious point in this list is Condition ( 4 ) ,  concerning the 
kinetically controlled regime. This condition is included because many shuttle 
conditions (although possibly not the nominal condition above) will imply 
kinetic control of the carbon oxidation mec:hanism of surface recession. There- 
fore, since the kinetic recession rate data available are uncertain at best, it 
would be desirable to use this calculation activity to obtain improved or more 
reliable data. It is not entirely obvious,. however, how to be certain that any 
given test case represents kinetically controlled data. 
give information on this point: 

Two procedures can 

1. Compare the observed recession to that which would be expected from 
the oxidation limited rate. Th:is cannot be done easily due to 
transient effects, uncertainty about the chemical role played by 
the pyrolysis gases in the low temperature regimes of interest, and 
difficulties in computing the blowing reduction. 

9 



2 .  Compute, from the built-in CHAP kinetic models and the best available 
kinetic parameters, curves of recession rate versus surface tempera- 
ture and note the temperature range where kinetic effects dominate; 
compare this temperature range with that of the data. 

The first procedure was deemed'to involve more effort than justified by 
the scope of the iterative calculations. The second method is illustrated 
by Figure 1, which is a plot of Equation ( 9 ) :  

KPC e 
m =  C 

Define 

Y = {lb of carbon removed from the} = 0.75 
char per lb of oxygen 

then 

r 1 

- mcarbon - mc Y - 
Bkirbon peueCM peueCH x - - (14) 

In this relation K = K(T) implies that temperature is an independent variable. 
Figure 1 is constructed from Equation (14) with the A and B values given in the 
contract for first order oxidation and a X of 0.75, and shows the dimensionless 
carbon removal parameter B:arbon plotted versus surface temperature T, with the 
dimensional quantity p/peueCM as a parameter. 
this parameter will be about 20 atm/(lb/ft2sec). 
a value of unity. 

For the nominal shuttle condition, 
Most test data are nearer to 

The plot shows the kinetically controlled transition from no recession 
to the diffusion limited "plateau" to occur at (very roughly) 3000'R; this is 
in harmony with the rough rule-of-thumb that for "normal" pressure and transfer 
coefficients the transition takes place at 

10 



p(he - hwl P+ (he - hw) 
qC TW Tab. Model 

No.* 
qC 

Btu/ft2sec OR atm atm4 
lb/ftLsec Ib/€t sec 

21 PLL91 43 3300 0.8 10 
22 PLH91 44 3300 0.8 10 

It is not likely that carbon kinetics data have much relevance to the 
low temperature ablation rates of Avcoat 5026-39 and the silicone elastomer. 
The silica content of the former, although fairly small, causes the surface of 
low temperature models to be covered to a greater or lesser degree with silica. 
Similarly, the silicon content of the elastomer and the silica microspheres 
of the filler material lead to partial ccverage of l o w  temperature surfaces 
with silica. 

. 

3.1.3.3 Selection of Iterative Cases 

Table 2 lists the cases for each material which were selected on the 
basis of the discussion points of Sectioris 3.1.3.1 and 3.1.3.2 for iterative 
calculation. 

* 
Tabulation number in Reference 3. 
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3.2 ITERATIVE CALCULATION RESULTS 

The iterative calculations were divided into two phases. In the first 
phase, the surface conditions such as reces:;ion rate were specified as known 
inputs, and only the in-depth results (char thickness and thermocouple response 
histories) were computed. This Option 2 phase aimed to determine in-depth 
properties as accurately as possible by isolating the char depth and thermo- 
couple predictions from the consequences of possible failure to predict surface 
recession and temperature properly. In the second phase, the CHAP I code was 
run in its Option 1 node, with the environment specified and the surface 
recession predicted. 

3.2.1 Specified Recession (Option 2) Calcclations 

The CHAP I code can perform Option ;I studies with surface recession 
rate and either surface temperature or cold wall heat flux specified. The 
runs reported here specified the cold wall heat flux, since reported surface 
temperatures are frequently far less reliable than reported heat flux values 
for the types of tests considered here. 

3.2.1.1 Nylon-Phenolic 

Figures 3 ,  4, and 5 show the predicted results for the three nylon 
phenolic cases chosen. The thermocouple predictions of Figure 3 (Tab. 21, 

q, 
couple data history appears faulty. The char thickness prediction is excellent; 
the surface temperature prediction is quite low, but this may provisionally be 
ascribed to poor data. = 145 Btu/ft2sec) shows accept- 
able thermocouple predictions. The predicted char thickness is somewhat low, 
and the total pyrolysis pentration is 14% low, a somewhat larger error than 
desired. Figure 5 (Tab. 16, qc = 256 Btu/ftzsec) shows good thermocouple 
agreement for a high heat flux case. The char thickness is 30% high and the 
char penetration is 14% high. The reported surface temperature is grossly 
underpredicted. 

= 43.2 Btu/ft2sec) are generally satisfactory, although the first thermo- 

Figure 4 (Tab. 19, qc 

An overview of the results shown in Figures 3 ,  4, and 5 yields the 
following conclusions: 

1. The best surface temperature predictions are 800'R low, whereas the 
worst thermocouple predictions are 400°R .LOW, and most are substantially better. 
Therefore, either the material properties are greatly in error or the reported 
surface temperatures are not to be trusted. The second possibility seems much 
more likely. 



2. The prediction discrepancies for thermocouple response and char thick- 
ness of Figures 4 and 5 are very similar but opposite. Therefore it seems 
likely that the properties are good but that the reported heat fluxes are some- 
what in error, being too high for Figure 5 and too low for Figure 4. 

3. Thermocouple predictions for temperatures less than about lOOOOR are 
consistently low. 
raised. Figure 4 shows the results of two additional runs with higher virgin 
conductivities. To examine the improvement attainable, Run 19-3 employed the 
conductivity of Reference 2-8b of the Reference 3 ,  which has higher virgin con- 
ductivity values above 9OOOR. Run 19-4 (not shown) used approximately the 
highest conductivity justifiable from the data of Figure 2-1 of Reference 3. 
The predictions were not appreciably improved. 

The virgin material conductivity values could perhaps be 

On balance, the nylon-phenolic cases seemed acceptable, provided.that 
the discrepancies of Case 19 (Figure 4) and Case 16 (Figure 5) could be ration- 
alized. The first of these cases showed underpredicted thermocouple temperatures 
and char thickness; the second showed overpredictions. Clearly no change in 
the in-depth properties could improve both predictions: therefore, it seemed 
attractive to consider possible errors in reported heat fluxes. To explore this 
possibility, it was estimated that the expected error in heat flux measurements 
is about lo%, and that the maximum error experienced under normal circumstances 
might be about 20%. TO see if the maximum error could change the predicted 
results of Cases 19 and 16 by appreciable amounts, Case 19 was run with a 20% 
higher heat flux value than reported. Figure 4 shows the results. This new 
prediction is quite accurate. 

Therefore the observed discrepancies in the nylon-phenolic cases were 
ascribed to surface heat flux errors, and the nominal in-depth properties cited 
in Appendix A were deemed adequate. 

3.2.1.2 Avcoat 5026-39 HC/G 

Figures 6, 7 ,  and 8 show the first run results for three Avcoat 
test cases. In the low heat flux case 66 (Figure 6) the thermocouple predictions 
are somewhat low but char thickness is overpredicted. Case 62 (Fig. 7) appears 
to show a similar results, although the results are somewhat confused by what 
appears to be a faulty second thermocouple. This thermocouple is at the final 
char depth, but shows a final temperature of 2400°R, far above the llOO'R to 
1400"R temperatures expected near the pyrolysis zone. Furthermore, a reference to 
the CHAP I output listings for all these runs shows that the predicted pyrolysis 
plane temperature is at about llOOOR, which is at the lower bound of the pyrolysis 
data reported in Reference 3. Apparently the assumed pyrolysis kinetics were too 
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fast, and it was desired to change these to place the CHAP I pyrolysis plane 
at about 1400'R. 
vation energy B and adjusting the pre-exponential factor A to yield a higher 
pyrolysis temperature. For estimation purpclses, it was assumed that 

Revised pyrolysis kinetics were estimated by fixing the acti- 

- B/!LnA Tpyro ly s i s 

so that 

Tpyrolysis 2 - RnAl 
Tpyrolysis 1 -q 

equal to the observed prediction value of llOOOR for A1 = 

equal to a more desirable value of 1400OR 
These revised pyrolysis kinetics will yield 

Tpyrolysis 1 
1.28 x 10 lb/ft2sec and T~~~~~~~~~ 
yields A2 = 1.03 x 10"lb/ft2sec. 
thinner predicted char layers and higher thermocouple predictions. Preliminary 
calculations indicated that thermocouple predictions would in fact be unaccept- 
ably higher. These could be revised downward by changes in the char and virgin 
material thermal conductivity functions, and by changes in the pyrolysis gas 
specific heat . Additional preliminary calculations showed that changes in 

the value of c 
lower than computed equilibrium values for I? as reported for Avcoat in Reference 
5. Figure 9 shows the enthalpy data given in Reference 5, which were computed 
with condensed phase carbon excluded as a pxsible equilibrium product, 
and the specific heat data derived from it. 

P 
values had a very strong effect on predicted thermocouples. Furthermore, 

P 
= 1 Btu/lboR used in the first calculation seemed substantially 

P 
P 

Figures 10, 11, and 12 show the results of new predictive runs with the 
new function of Figure 9 and the reduced pyrolysis kinetics (Runs 62-4, 66-3 
and 92-3). Cases 62 and 66 are improved over the results shown in Figures 6 and 
7 but they still show substantial underpredictions of the responses of the ther- 
mocouples nearest to the heated surface. In the high heat flux Case 92 (Fig.12) 
all thermocouple responses were still substantially overpredicted. The revised 
pyrolysis kinetics shifted the CHAP pyrolysis line to a temperature of about 
1400OR 50°R in all cases. These slower kinetics served to offset the increase 
in thermocouple temperatures so that the predicted char thicknesses remain about 
the same. Figure 13 shows a new case run with the same properties (Run 52-1). 
Case 52 (Figure 13) shows an excellent prediction. 

P 

It was desired to obtain a further improvement in Cases 62 and 66 
before dealing with the apparently pathological Case 9 2 .  Both cases 62 and 



66 have low surface temperatures ( %3O0O0R). It was hypothesized that the 
equilibrium c used in the calculations was invalid at low temperatures, due 
to chemical kinetic effects, and that a frozen model would be more appropriate. 
A temperature of 3500'R was selected as the "freezing temperature". A frozen 
c of 0.9 Btu/lb was selected as (1) appearing likely (based on hand calculations) 
to produce a satisfactory prediction, and (2) consistent, as well as could be 
estimated, with a frozen specific heat of the actual mixture of molecules be- 
lieved to be produced by the pyrolysis of phenolic (which is chemically similar 
to the epoxy-novolak in the Avcoat material). Figure 9 shows the frozen/ 
equilibrium c model and the associated enthalpy functions. 

P 

P 

P 
All cases were re-run with the new c function. For Cases 62 and 66, the 

P 
results are shown as Runs 62-4A and 66-4 on Figures 11 and 10. The improvement 
is substantial. However, Case 52 (Fig. 1 3 )  showed some damage to the deeper 
thermocouple predictions, although the overall prediction is still within the 
criteria. In Case 92 (Fig. 12) the thermocouple predictions were moved substan- 
tially in the wrong direction. The first thermocouple prediction is still quite 
acceptable, however. The deeper thermocouples are marginally acceptable. 

It is not apparent from these runs that the frozen/equilibrium F model 
can be preferred over the equilibrium model. A case could be made that in the 
calculations with the frozen/equilibrium model there is too much energy transfer 
through the material in the 250OOR to 3500OR band. The relative overprediction 
of the second thermocouple in Figs. 11, 12, and 1 3  should be noted. Therefore 
it may be worth changing the transition temperature from frozen to equilib- 
rium pyrolysis gas to 3000'R or to 2500°R, or, for simplicity, selecting the 
equilibrium cp.* 

P 

* 
Valuable insight into the choice of the pyrolysis gas enthalpy function can be 
obtained from the CHAP I1 code, which computes the detailed history of the 
pyrolysis gases as they pass through the char layer. To illustrate this point, 
Case 64 was run with CHAP I1 with the following assumed initial pyrolysis gas 
composition, which is elementally consistent with an assumed elemental compo- 
sition C6H6O for the epoxy-novolak and with the assumed virgin and char densi- 
ties : 

Species Mole Fraction 
.355 
.071 
.146 

H2 
CH4 

H2° -177 
'gH6 

co .251 

For this assumption, the results indicated that the pyrolysis gas species CH4 
and C6H6 cracked even at low temperatures to yield carbon deposition and a 
pyrolysis gas of some 90 mole percent H2 with a specific heat of about 2 BTU/ 
lboR in the 3000OR to 4000'R range. Further studies with CHAP I1 could obvi- 
ously be quite useful in defining the correct pyrolysis gas specific heat, but 
such studies were beyond the scope of the effort reported here. 



One must also consider the possibility that errors in reported heat flux 
are clouding the picture. To illustrate this possibility, Case 66 was rerun 
with a heat flux value assumed at 20% higher than the reported value, which, as 
discussed in Section 3.2.1.1 above, is abcut the maximum error which could be 
expected. Figure 10 shows that the effect is substantial. 

In general, char thicknesses are sclmewhat overpredicted. These slightly 
high values of predicted char thicknesses prompted a brief study to determine 
whether still slower pyrolysis kinetics could be used. The pyrolysis constants 
reported in Reference 3 were converted to CHAP input constants by the method of 
Appendix A of that report. The pyrolysis constants computed indicated that the 
revised pyrolysis constants noted above are about the slowest kinetics that can 
be justified by the reported data. 

As a further exploration of char depth predictions, the reported data 
of Reference 5 from which all of the Avcoat test cases are taken were restudied. 
The "char depths" reported in Ref. 5 were located by visual identification of 
a qualitatively defined blackness. The "pyrolysis zone depth" was located 
by a perceptible change in hardness. 
pyrolysis depths with the predicted temperature profiles of Figure 9-51 of 
Ref. 5 reveals that the reported char dep-rhs correspond to a maximum temperature 
attained of about 2000°R+ 200OR. The pyrolysis line did not correlate well, 
being observed at llOOOR (which seems acciirate) in one case and at 1700'R in 
the second case. It would seem indicated to compare CHAP predicted char 
depths to either the "pyrolysis depths" of Ref. 5 or to the averaqe of the 
char and pyrolysis depths for the tests of Ref. 5. It is unfortunately impossi- 
ble to resolve this matter more closely without extensive correlation studies 
between reported in-depth temperature profiles and reported char and pyrolysis 
depths for the cases of Ref. 5. 

Cross correlating the reported char and 

Therefore the overpredictions of char thickness in Cases 52, 62, and 66 
are ascribed to the inherent difference between the meaning of the CHAP pyroly- 
sis line on the one hand and the definitions of test char and pyrolysis thick- 
nesses on the other, as described above. To aid in the assessment of this af- 
fect, the "pyrolysis thickness" noted by Schaefer, et al., in Ref. 5 has been 
added to the tables of Figures 10 through 12. The char thickness predictions 
of Cases 52, 62, and 66 are quite close to the "total pyrolysis layer" observa- 
tions of Ref. 5. 

Case 92 (Figure 12) remains to be discussed. All in all, the prediction 
is objectionably high, although the criteria of Section 3.1.2 above are margin- 
ally met. To explore whether certain changes might improve the predictions, 
two additional runs were made. The first, 92-4 ,  delayed the amount of recession 



by 3 secs, duplicating an induction time often observed in tests and harmonious 
with the initial surface temperature transient. The second ( 9 2 - 5 )  used a heat 
flux reduced by 20%.  Figure 1 2  shows that both of these effects are large, but 
neither in itself explains the discrepancy between prediction and data. The 
implications of the frozen/equilibrium pyrolysis gas model were discussed above. 

All in all, the Case 9 2  predictions are marginally acceptable. It is 
believed that all the following factors are playing some role in causing the 
mismatch of data and predictions: 

e A delay of several seconds in initiating recession; this effect is 
relatively large in this high heat flux, high recession rate case 

e A possible overstatement of the heat flux 

e Possible response lag of the thermocouples 

It was concluded that the final Option 2 predictions for runs 62-4, 
66-3/5, and 5 2 - 1  are adequate for Avcoat and confirm the revised in-depth 
properties. The recommended properties may be summarized as follows: 

Virgin and char densities, 
specific heats, conductivi- 
ties 

INominal 
(see Appendix A )  

Pyrolysis kinetics 

Pyrolysis gas specific heat 

Activation energy as in Appen- 
dix A, pre-exponential factor 
reduced from 1.28 x lo5 to 
1.03 x lo4 lb/ft2sec (moving 
pyrolysis plane temperature 
from about llOOOR to about 
14 0 0 OR) 

Changed from nominal value of 
1 Btu/lb°F to the equilibrium 
model of Figure 9 

3.2.1.3 Silicone Elastomer 

Figure 14 shows the results for the low heat flux in Case 1 2 .  The 
data showed approximately 50 mils (net) of char swell. Although CHAP I will 
accept the input of "positive recession", it is not possible to compute meaning- 
ful thermocouple responses in this manner since 

e inappropriate energy terms will appear in the surface energy balance 

e the thermocouples will not be assumed to be displaced with the local 
surrounding material, but will remain fixed relative to the 
back wall 
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Therefore, the computer run was made with zero recession. The first thermocouple 
prediction does not agree well with the d,sta, which evidently are faulty in this 
case. The deeper thermocouples look more believable. In particular, the sec- 
ond thermocouple response, extrapolated to the final test time, agrees well with 
the expected pyrolysis temperatures reported in Reference 3 ,  as it should since 
it is located very near the final pyrolysis depth. 

Figure 15 shows the results for the somewhat similar Case 1. Here again 
the results are confused somewhat by char swell, which caused the surface to 
"grow" 52 mils rather than to recede. This case, like Case 12, was run with 
zero recession. The results are satisfactory even without attempts to correct 
for char swell. Since the thermocouple data for this case look quite good, an 
attempt was made to correct for the effects of char swell. 
files were plotted and "translated" by hand-plotting to allow approximately for 
char swell effects with the assumption that thermocouples in the char are 
displaced with the surrounding material. The results of this approximate 
correction are also shown in Figure 15; they suggest that the prediction is a 
very good one. 

Temperature pro- 

Figure 16 shows the results for Case 4 ,  a much higher heat flux case. 
The first thermocouple is obviously fault;[ after entering the pyrolysis zone 
at about 1000OR. The reported depth of this thermocouple places it in the 
pyrolysis zone at the final time; this is inconsistent with a reported final 
temperature of 2200°R. The prediction appears excellent except for the surface 
temperature, which again probably represents bad data. 

Figure 17 shows the results of Case 5 ,  representing a still higher heat 
flux case. The prediction is quite good in all respects. 

It was concluded on the basis of these runs that the nominal 
in-depth properties seemed adequate f o r  the silicone elastomer material. 



3.2.2 Specified Environment (Option 1) Calculations 

The second phase o f  the iterative calculations employed the in-depth 
properties determined in the first phase, as described in Section 3.2.1 above. 
Runs were made at specified pressure and heat flux, for the same cases used in 
the previous section. For this set of calculations, emphasis was placed on pre- 
dicting surface recession. 

3.2.2.1 Nylon-Phenolic 

3.2.2.1.1 General Discussion 

The first Option 1 runs for the nylon-phenolic employed the nominal 
in-depth properties selected in Section 3.2.1 above. The heat of combustion 
was the nominal table function presented in Appendix A .  The surface oxida- 
tion kinetics were the (nominal) first order kinetics presented in Figure 1. 
The virgin density was set at 36 lb/ft3. 
which differs slightly from the (nominal) value of 12 lb/ft3 cited in Appendix A 
but which closely matches the reported data of the test cases in Reference 3 .  

The char density was set at 15 lb/ft3, 

Figures 18, 19, and 20 show these first results as Cases 21-3, 19-6, and 
16-4. In two cases surface recession is markedly underpredicted: no recession 
is predicted for Case 21 (compared with data of 107 mils) and for Case 19, the 
recession is low by a factor of three. Although these underpredictions could 
stem from various causes, the most likely candidate is an inappropriate choice 
of oxidation kinetics. Cases 21 and 19 were re-run with "Scala fast" kinetic 
values (Ac = 6.73 x lo8, Bc = 39875OR, n = 1/2); the results are shown as Fig- 
ures 18 and 19 as runs 21-4 and 19-8. Run 21-4 is in every respect a good pre- 
diction. To explore the question of whether heat flux variations of the magni- 
tudes discussed in the Option 2 discussion of Section 3.2.1.1 could be affect- 
ing the conclusions here, Case 21 was re-run with the first order nominal kinet 
ics but with a 20% higher heat flux. The results are indicated in Figure 18 as 
Run 21-5 and show that a heat flux variation of this magnitude is far from suf- 
ficient to cause the observed recession to be predicted. 

Case 19-8 (Fig. 19),even with the fast kinetics values, still substan- 
tially underpredicts the recession; this is conjectured to be due to too low a 
value of heat flux. The importance of this effect was explored in the earlier 
run 19-7 (with nominal kinetics) which increased the erosion by 60% from 22 mils 
to 35 mils. The same increase applied to the "Scala fast" prediction would 
yield 64 mils recession, an acceptable prediction. (A computer run was not made 
for economy reasons.) 
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Case 16 was also restudied with "Scala fast" kinetics, but since the 
recession was already overpredicted in th:.s case, the heat flux was simultane- 
ously reduced by 20%, a change believed of interest from the Option 2 study. 
The resulting prediction, shown as Figure 20, is excellent. The char thickness 
is slightly overpredicted, but another test run at the same conditions (Case 17) 
showed 115 mils char thickness, so that the prediction seems within range of 
measurement errors in this case. 

21 
19 
16 

3.2.2.1.2 Comparison With Limiting Values 

Since the nylon-phenolic char surface is simply carbon, it is possible 
to estimate rather simply the diffusion limited steady state recession rates 
for these cases. Applying this recession rate for the entire test time yields 
an interesting upper bound limit for the expected surface recession. Observed 
recession should be below this value by viirying,amounts in each case due to 
initial transient effects. Such calculat.Lons are shown in Table 3. 

107 
73 
137 

TABLE 3 
NYLON-PHENOLIC RECESSION RESULTS 

AS (mils) 
Conjectured 

Prediction 

4 0  92 I 
I 

127* I 
118 
58 
183 

negligible 
low by about 10% 
high by about 10% 

1 I I I 

Table 3 indicates that the steady state results harmonize with the 
conjectured heat flux errors, although an extensive study of the predicted 
results to break out the initial transient effects would be required to explore 
this matter fully. 

3.2.2.1.3 Conclusions 

For nylon-phenolic, the nominal oxidation kinetics are too slow 
All three iterative cases and should be replaced by "Scala fast" kinetics. 

are satisfactorily predicted provided that it is assumed that the reported heat 
flux for Case 19 is about 10% too low and that the reported heat flux for Case 
16 is about 10% too high. Since this is within the range of experimental heat 
flux measurement accuracy, it is felt tha.t the predictions are accurate. 
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3 . 2 . 2 . 2  Avcoat 5 0 2 6 - 3 9  HC/G 

3 . 2 . 2 . 2 . 1  General Discussion of Initial Runs 

The first Option 1 runs for Avcoat 5 0 2 6 - 3 9  HC/G used the in-depth 
properties selected after the iterative Option 2 runs discussed in Section 
3 . 2 . 1 . 2  above, except that for the first iterative calculations the pyrolysis 
gas specific heat was taken from the frozen/equilibrium model presented in 
Figure 9 rather than the straight equilibrium model. 

The heat of combustion was taken as the carbon heat of combustion table 
presented in Appendix A. Thus the basic thermochemical ablation model for 
Avcoat is the oxidation of carbon. The silica in effect, runs off, with 
no energy term associated with the melting. The blowing parameter of the 
char, ac in Equation (12), is 0.5. 
as reported for the test data in Reference 3 .  The char density was set' at 
18 lb/ft3, which closely approximates the average reported for the test speci- 
mens in Reference 3 .  

The virgin density was set at 31 lb/ft3 

Table 4 summarizes these first Option 1 recession prediction results. 
The most significant feature of these results is the extreme recession under- 
prediction of Cases 6 2  and 6 6  and 52. Some underprediction had been anticipated 
for Cases 6 2  and 6 6 ,  since it was one of the many Schaefer (Ref. 5 )  cases known 
to be well above steady state carbon ablation theory. Nevertheless, the under- 
predictions of Cases 6 2  and 6 6  are much larger than had been expected from a 
study of the Schaefer data. Case 8 3 ,  on the other hand, is substantially over- 
predicted, while Case 92  shows an excellent prediction. 

The pyrolysis penetration results are quite good, especially when the 
predictions are compared with the deeper of the two penetration data points, 
AP2 of Ref. 5 ,  obtained by adding the recession, the char thickness, and the 
pyrolysis zone thickness. 

The following subsections discuss each of these results in detail. 

3 . 2 . 2 . 2 . 2  Detailed Discussion of Subsequent Runs 

Case 66  

Figure 2 1  shows the Case 66  results. Run 66-06 was made with the 
frozen/equilibrium E model. In explaining the discrepancy between data 
and prediction for Run 6 6 - 0 6 ,  it is of interest to compare the prediction 
to a steady state carbon oxidation plateau result, which may readily be 
computed by hand. We have 

P 
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Rn(l + B') 
B' PeuecH = P e u e c Ho 

and 

Selecting B& equal to the plateau value 0.174, and pv = 31 lb/ft3*, pc* - - 

1/2(18) = 9 lb/ft3, we obtain 

mils s = 206 sec (lb/ftLsec) 'euecH0 

This yields a recession prediction of 6 8  mils, compared with the CHAP prediction 
of 41 mils. This shortfall from the plateau value is due to three effects. 
First, at the final time, the predicted surface temperature is 3450°R, which 
puts the ablation rate in the kinetically controlled regime.** In fact, B;* is 
about 0.14 or about 80 percent of the plateau value of Bl*. Secondly, this Bi* 
does not translate into anything approaching the steady state recession rate be- 
cause the convective transfer coefficient is greatly reduced due to "excessive" 
pyrolysis gas blowing. At the final time, CHAP predicts 

= 0.00203 lb/ft3 ( 2 0 )  

= 0.00502 lb/ft3 (21) P 

Here we have let the silica component be effective in blocking, which is 
not consistent with the CHAP ablation model for Avcoat, but the discrepancy 
is not large. 
Case 66 was selected with this possibility in mind. 

* *  
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The ratio m /ic is 2.48, far above the steady state value of (31-18)/18 = 0.722. 
The mass flux at the final time causes the blowing reduction ratio to be about 
0.70, whereas in the steady state it will be about 0.78. At earlier times the 
difference is of course even greater, leading to a greater suppression of sur- 
face recession rate. A detailed study of the output indicates that about a 
50 percent to 60 percent increase in aver<ige transfer coefficient would be 
obtained if the pyrolysis gas were not effective in blockage. Predicted reces- 
sion would rise even more due to increased surface temperatures when recession 
is in the kinetically controlled regime. 

P 

Therefore a substantial improvement in the prediction could be achieved 
by bringing it closer to the steady state value. This could be accomplished to 
some extent with faster oxidation kinetics. A second change of interest would 
be to remove the pyrolysis gas as an effeztive blocking agent. This would 
obviously have a powerful effect on the prediction, as noted above, not only 
bringing it closer to steady state but substantially increasing the steady 
state recession rate. Less obvious is the justification for this lack of 
blockage effectiveness, although if the test model chars cracked and the pyroly- 
sis gases passed preferentially up the cracks, then it is evident that the 
convection blockage due to the "slot injection" of pyrolysis gases would be 
quite small. In fact, most of the Schaefer models were cracked (although these 
cracks may have developed during post-test cooling). Bartlett and Anderson 
carried out an extensive study of the Schaefer data using very general thermo- 
chemical ablation models and showed that this "non-blockage" or fissure model 
for the pyrolysis g a s  allowed a good correlation of the Schaefer data 
(Refs. 6, 7). 

To explore these possibilities, Run 66-8 was made with the pyrolysis 
gas blocking effectiveness entirely suppressed (a = O),* while Run 66-9 
used the normal pyrolysis blockage model but employed Scala fast kinetics. 
Figure 21 shows all the results, which are about as hypothesized. The fissure 
model led to a substantial increase in scrface temperature which damaged the 
thermocouple predictions. If this model were to be adopted, the Option 2 study 
would need review. 

P 

The combination of both models would undoubtedly allow the predicted 
recession to reach the observed value. A further discussion of this possibility 
must be deferred pending a discussion of other results. 

*A truly consistent fissure model would also employ an adjusted function 
to minimize energy pick-up by the pyrolysis gases as they pass &rough the 
char. 



Case 6 2  

The first Tab 6 2  prediction (Run 6 2 - 5 )  shown in Figure 2 2  displayed 
features quite similar to the first Tab 66  prediction. At the final time the 
normalized char ablation rate B '  has 'reached only 68  percent of the plateau 
value and recession is suppressed still further by pyrolysis gas blowing far 
in excess of the steady state value. As with Tab 6 6 ,  an additional run was 
made with Scala fast kinetics and one further run was made with the pyrolysis 
gas blockage effect suppressed. The results were comparable to those obtained 
for Tab 66  (see Figure 2 1 ) .  

C 

Case 5 2  

Case 52,  not illustrated, has a test stream oxygen content of 7 percent 
and represents a considerably higher heat flux condition than Cases 66 and 6 2  

discussed above. A detailed study of the output reveals that the predicted 
normalized recession rate B' of the first run ( 5 2 - 2 )  reaches the plateau 
quickly. Furthermore, the blowing reduction (blockage) is smaller in this case 
than in the others due to the relatively high transfer coefficient. A detailed 
study of the output indicates that the same computational experiments tried 
for Cases 6 2  and 66 would yield only about 10 percent recession increases. 

C 

Interesting insight into Case 5 2  is obtained from Reference 5,  which 
discusses the effect of test stream oxygen mass fraction. It is seen that the 
data from the series from which Case 5 2  is taken do not extrapolate to zero 
recession at zero oxygen content, and that Case 5 2  lies far above a line passing 
through the air data with a slope proportional to Ce. 

Therefore it is hardly surprising that the CHAP code, based on oxidation 
theory, underpredicts Case 52 by a considerable amount. The role of nitrogen 
in the chemical ablation of Avcoat in reduced oxygen environments has never 
been adequately explained. Therefore Case 5 2  was a poor choice for an itera- 
tive case for the CHAP study, and the results should be ignored. 

Case 83 

In contrast to the three cases discussed above, the recession in Case 8 3  

is overpredicted (Figure 2 3 ) .  This is a high transfer coefficient, low enthalpy 
case. Detailed study of the CHAP output shows that at the final problem time 
the ablation has reached quite steady conditions and the normalized recession 
B& is at 84 percent of the carbon plateau value, well down into the kinetically 
controlled regime. Clearly, increasing the oxidation kinetics and/or introduc- 
ing the fissure model for the pyrolysis gas blockage would increase the amount 
of overprediction. 
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Case 92 

Case 92 is a high heat flux case. The recession is fairly well predicted. 
The thermocouple predictions of Figure 24 show a time shift similar to that 
observed in the Option 2 runs. A detailed study of the output shows that the 
prediction quickly approaches steady state conditions. 

3.2.2.2.3 Summary Discussion 

The ablation model used in the CHAP Option 1 runs treats the ablation 
of Avcoat as char carbon oxidation by the oxygen in the environment gases. The 
silica component of the char in effect "runs off" as the carbon is oxidized. 

The data of Cases 66 and 62 are not consistent with this model, the sur- 
face recession being excessive in both cases. In Case 66, the recession is 
even greater than could be accounted for by a steady state ablation rate applied 
during the entire problem time. 

It would be possible to force the CHAP predictions to match the data by 
selecting the input parameter X of Equations (4), (6), and (9) appropriately 
for each case. However, the cases considered are not numerous enough to allow 
a believable X(T,p) function to be defined. Furthermore, Cases 66 and 83 
conflict in this regard, having substantially the same p and (predicted) 
T but requiring very different X values. 

* 

An alternative device which would allow better predictions of Avcoat re- 
cession would suppress the blockage effectiveness of the pyrolysis gas. This 
is the "fissure model" of Bartlett and Anderson (Refs. 6, 71, which was 
effective in correlating all of the Schaefer air data. However, this is only 
one possibility of many thermochemical mcldels which could be suggested, and 
the evidence is hardly strong enough to recommend this model over other possi- 
bilities. Furthermore, this model would apparently require some changes in 
the Avcoat property values determined during the Option 2 studies reported 
earlier. 

The low temperature ablation of Avcoat is evidently more complex than 
envisioned when the basic plan of attack of this study was formulated. A lim- 
ited number of iterative cases are not adequate to define CHAP input constants 
with sufficient clarity. It was concluded, therefore, that the Scala fast carbon 
oxidation kinetics should be selected as a nominal set and that t.he final calcu- 
lations should be undertaken without the benefit of the kind of resolution that 
was obtained for nylon-phenolic and the silicone elastome'r (discussed below) . 

* T h e t i o n  is not so bad for p and observed T, but it is not clear that 
the observed T can indeed be predicted in these particular cases. 
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3.2.2.3 Filled-Silicone Elastomer 

3.2.2.3.1 General Discussion 

The first Option 1 runs for the silicone elastomer employed the 
nominal in-depth properties (determined to be adequate by the Option 2 
studies reported in Section 3.2.1.3 above and the nominal surface oxidation 
kinetics ("Scala fast"). The heat of combustion is taken as the carbon heat 
of combustion function given in Appendix A .  The value A in Equations (4), 
( 6 ) ,  and ( 9 )  was taken as the nominal value 0.1, which reflects the observed 
fact in earlier unreported NASA Langley Research Center Studies that at 
low heat fluxes the silicone elastomer material appeared to show a "depressed" 
carbon-oxidation behavior. This was rationalized as due to partial coverage 
of the surface by silica. 

The virgin material density was set at 33.5 lb/ft3 as reported in Reference 
3. The char densities reported in Reference 3 varied over a considerable 
range from about 12 lb/ft3 to 19 lb/ft3. Most of the cases considered here 
showed char densities close to 16 lb/ft3, however, and this value was selected 
for all runs. Since the melt temperature option was not included in the version 
of CHAP used in this study, melting was simulated with a "steep" sublimation 
curve, with sublimation rate to rise from a very low value at Tm-AT to a very 
high value at T,+AT. The initial runs used Tm = 380OOR and AT = 200'R. 

Figures 25 and 26 show the results for Case 1 (Run 1-21 and Case 4 
(Run 4-2). Run 1-2 is a satisfactory prediction considering that char swell 
obscures the recession prediction. Although no quantitative data are available 
on char swell, the observed surface growth of 52 mils is about 25% of the ob- 
served char thickness, which is a believable amount of swelling. Run 4-2 
predicted some melting, with a predicted recession of 60 mils, compared with an 
observed negligible recession. The observed char thickness of 121 mils is 
perhaps a little low to allow the difference between predicted and observed 
recession to be attributed to char swell, calling for a swell equal to 50% 
of the char thickness. Tentatively, however, this prediction could be accepted. 
An additional run was made with melting suppressed (Tm = m) to check the ade- 
quacy of the prediction with no melting. Figure 26 shows the result as Run 
4-3. It is an excellent prediction. 

Case 5 ,  which showed a high rate of melt in the prediction, ran so 
slowly that the prediction was not allowed to continue until the final time, 
particularly since the recession prediction was going to be excessively high 
( 3 4 0  mils, compared with test data of 70 mils). Subsequent runs were made 
with various higher melt temperatures to improve this prediction. Table 5 

summarizes the results. 
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TABLE 5 
SUMMARY OF MELT TEMPERATURE RUNS, SILICONE ELASTOMER, CASE 5 

T melt (OR) 
Melt Range (OR) 
As (lb/ft2sec) 
Bs (OR) 
Recession (in.) 
Char 6 (in.) 
Final Tw (OR) 

* 
extrapolated 

Test 5-2C 

3800 
+200 
- 35 1.5 x 10 

331 , 632 
.070 .340* 
.117 .030 
4300 3890 

5-5 

4100 
+400 

3.162 x 10l8 
191,720 
.237 
.034 
4070 

- 

5-6 

4300 
+400 

3.162 x lo1’ 
211,046 

- 

.172 

.048 
4250 

It is apparent from this study that the melt temperature apparatus 
will not yield an acceptable prediction for Case 5 unless the melt temperature 
is chosen somewhere above 4500OR. This does not seem to be an acceptable 
ablation model for the silicone elastomi?r material. Ref. 8, which was published 
after the data survey of the Task I Fhsl Report (Ref. 31, reports an empirical 
mass loss  model for this material which differs from the melting model: 

T in O K  

D in atm 

(pC in kg/m3 

If we assume from Reference 8 that 

qdg= K(he - hw) 

and hence that 

qc tF= Khe 
then with (24) we can eliminate p/r in (22) and obtain 
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20.79 
C K . 5 6  

m = -  

If we substitute K = . 0 4 6 1  lb/ft3i2 
and change the units to the English 

sec atm'/' from Ref. 9 into Equation ( 2 5 )  

system, we have 

fs -  \ .56 - 29011'R 
rn lb m = 33.3 1.72 \e) e L 

sec ft c. 

This form may be used directly in the CHAP program by suppressing oxidation 
entirely and setting the sublimation constants as 

BS = 29011'R 

(27) 

( 2 8 )  

Cases 1, 4 ,  and 5 were re-run with this input model: the results are 
indicated on Figures 2 5 ,  26, and 27 as Runs 1-3, 4-4,  and 5 - 7 .  Cases 1 and 
4 show considerably more recession with the new model, but still not so much 
that char swell could not make up the difference between prediction and obser- 
vation. It should be noted, however, that both the predicted and measured 
temperatures for these two cases are below the lower limit of the data (4250OR) 

used by McLain in Ref. 8 to obtain the empirical recession correlation 
employed in these predictions. In Case 5 the new model overpredicts the 
recession by a factor of two. This discrepancy is barely within reach of a 
char swell explanation. The assumed (input) char density corresponded to the 
reported char density of 16 lb/ft3. If the "actual" (unswelled) char density 
were 20 lb/ft3, the recession would be (very roughly) 2 5 %  less, and then char 
swell to 1 6  lb/ft3 would reduce the observed recession another 2 5 % .  The 
net effect would apparently be a fairly accurate prediction. 

Evidence that char swell actually occurs has previously been noted in 
the discussion of Cases 1 and 4 .  Additional evidence may be derived from 
Run 5 together with runs at the same test condition but for different run times 
Models SP30 and SP32 from the Langley AMPD test series of Ref. 10 (not included 
in the tabulation of Ref. 3 )  show an interesting relationship to Case 5 ,  as 
shown in Table 6. 



TABLE 6 

Tab Run 

6 6-1 
7 7-1 

COMPARISON OF THREE SILICONE EiLASTOMER TESTS AT SAME 
TEST CONDITIONS 

Test Prediction 

Recession Char 6 pc (input) P Recession Char 6 

(lb/ft ) (in) (in) (lb/ft3 ) (in) (in) - 
-082 .049 14.2 .125 .028 16.0 
.412 .022 18.1 -356 .029 16.0 

SP3 0 +.004 .097 
SP93 .070 .117 
SP32 60 -__ 

These results are plotted in Figure 28, whkh shows that the observed recession 
appears to be affected by char swell in thr.s series of tests, perhaps by as much 
as 70 mils.* Additional evidence suggesting char swell is provided by the wide 
range of observed char densities in the tahulations of Ref. 3, which range from 
11.6 lb/ft3 to 19.1 lb/ft3, with no correliition of char density with test con- 
ditions. 

It appears that the three iterative cases 1, 4, and 5 are influenced by 
char swell. Although it is not possible quantitatively to allow for swell in 
CHAP predictions (since (a) the program cannot account for it, and (b) no 
quantification of swell is available), approximate allowances for swell suggest 
that the predictions are acceptable. For an addi;tional check, predictions were 
made for two additional cases showing a large amount of recession compared 
with char thickness. Table 7 summarizes the prediction results for recession 
and char thickness (no temperature data are available for these runs). 

TABLE 7 

DATA AND PREDICTIONS FOR TWO HIGH HEAT FLUX SILICONE ELASTOMER CASES 

* 
Initial effects make a straight extrapo1at:ion to zero time invalid, so it is 
impossible t o  separate the effect of char swell alone. 



A s  hoped, the predictions for three cases are much closer to the data. 
However, discrepancies between observed and predicted recession are still 
significant and Case 6 is not within criteria for surface recession. Here again, 
however, char swell may be influencing the data to some extent; the reported 
char density for this case is low and the two observed recession amounts do 
not extrapolate to zero but to a net char swell at zero test time. 

3.2.2.3.2 Conclusions 

For surface temperatures above 4200°R, the nominal low tempera- 
ture recession correlation cannot be combined with any reasonable melt tempera- 
ture to predict high heat flux recession amounts. The empirical correlation of 
McLain seems adequate for this range. The correlation studies of McLain 
indicate that his correlation should be good for cold wall heat fluxes above 
about 2 5 0  Btu/ft2sec. 

Both the McLain model and the nominal model predicted satisfac- 
torily for the cases examined below 2 5 0  Btu/ft2sec provided that some allowance 
was made for the effect of char swell, which apparently confuses the data con- 
siderably. The nominal model appears superior in this range; however, it does 
not blend smoothly with the McLain model at temperatures corresponding to 2 5 0  

Btu/ft2sec and the available cases are not numerous enough to clarify this 
matter. 

Char swell cannot be quantified or correlated from existing data; 
therefore, it is extremely difficult to predict recession amounts in low heat 
flux cases unless the recession greatly exceeds the char thickness. 

In view of the difficulty of making accurate predictions at 
low heat fluxes, the McLain ablation model was chosen for all Final Calculations. 
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SECTION 4 

FINAL CALCULATIONS 

The F i n a l  C a l c u l a t i o n s  r e p r e s e n t  one c a l c u l a t i o n  of a number of  test  cases 
r e p r e s e n t i n g  a wide range  of environmental  cond i t ions .  
on t h e  s e l e c t i o n  of t h e  a d d i t i o n a l  (non- i t e r a t ed )  cases are 

The c h i e f  p o i n t s  bea r ing  

1. Coverage of a wide range  of c o n d i t i o n s  

2. S t r a d d l i n g  t h e  nominal s h u t t l e  c o n d i t i o n  

Tables 8 ,  9 ,  and 1 0  l ist  t h e  cases s e l e c t e d .  The i t e r a t i v e  cases are marked wi th  
an  as te r i sk .  The remaining runs  are m a r k e d  w i th  a p r i o r i t y  ranking.  P r i o r i t y  1 
i n d i c a t e s  t h a t  t h e  case d e f i n i t e l y  w a s  t o  be run  i n  t h e  F i n a l  Ca lcu la t ion .  
P r i o r i t y  2 i n d i c a t e s  e i t h e r  t h a t  t h e  c a s e  i s  s imilar  t o  o t h e r  cases or was 
expec ted  t o  r u n  ve ry  long;  t h e s e  cases could  be run  i f  t i m e  and funds  permi t ted .  
P r i o r i t y  3 i n d i c a t e s  t h a t  it w a s  p r e f e r r e d  t o  s tudy  t h i s  case w i t h  t h e  s lower 
running  CHAP I1 Code i f  t i m e  and funds permi t ted .  

4 . 1  NYLON PHENOLIC 

4 . 1 . 1  R e s u l t s  

T h e  nylon pheno l i c  cases were run w i t h  t h e  p r o p e r t i e s  of Appendix A, 

excep t  t h a t  t h e  o x i d a t i o n  k i n e t i c s  were revised t o  "Sca la  f a s t "  v a l u e s  as a 
r e s u l t  of t h e  I terative C a l c u l a t i o n s  described i n  Sec t ion  3.2 above. The v i r g i n  
and c h a r  mater ia l  d e n s i t y  v a l u e s  were t h e  s a m e  as  f o r  t h e  I t e r a t i v e  Ca lcu la t ions :  
35 l b / f t 3  and 15 l b / f t 3  r e s p e c t i v e l y .  

Table 11 summarizes t h e  F i n a l  Cal .culat ion r e c e s s i o n  and char  t h i c k n e s s  
r e s u l t s ,  and compares t h e  r e c e s s i o n  r e s u l t s  t o  a s imple s t e a d y  s ta te  p r e d i c t i o n  
of t h e  t o t a l  r e c e s s i o n  based on t h e  assumption t h a t  r e c e s s i o n  occur s  i n  t h e  
steady s ta te  on t h e  carbon p l a t e a u  for  t.he e n t i r e  problem t i m e .  F igcres  29-34 

show t h e  r e s u l t s  f o r  t h o s e  cases no t  a l r e a d y  a p a r t  of t h e  i t e r a t i v e  c a l c u l a t i o n .  
F i g u r e  35 shows a p-qc 
p e r c e n t  e r r o r s  i n  r e c e s s i o n  and t o t a l  p y r o l y s i s  p e n e t r a t i o n  p r e d i c t i o n s  by 
c l a s s i f y i n g  t h e  r a t i o s  of t h e  ca l cu la t ed  q u a n t i t i e s  t o  t h e  measured q u a n t i t i e s  f o r  
each test as low ( L ) ,  good ( G ) ,  and high ( H ) .  Low means measured quan t i ty  underpre- 
d i c t e d ,  good means p r e d i c t i o n  w i t h i n  t h e  s p e c i f i e d  cr i ter ia ,  and h igh  means measured 
quan t i ty  overpredic ted .  

i nd ica t ed  by 100% o r  G. 

map of a l l  t h e  nylon-phenolic cases and i n d i c a t e s  t h e  

For example, i n  f i g u r e  35, p e r f e c t  agreement would b e  

The most s t r i k i n g  f e a t u r e  of t h e  nylon phenol ic  r e s u l t s  i s  t h a t  w i th  
only  one except ion  t h e  new (non- i t e r a t ed )  cases a l l  show s u b s t a n t i a l  underpredic-  
t i o n s  of r eces s ion .  Furthermore,  i n  most of t h e s e  cases, t h e  observed r e c e s s i o n  
i s  i n  excess of t h e  s t eady  s ta te  p r e d i c t i o n ,  whereas t h e  CHAP p r e d i c t i o n  i s  
somewhat below t h i s  l i m i t ,  as it should be. F igure  35 shows t h a t  t h e  s h o r t f a l l s  
i n  r e c e s s i o n  p r e d i c t i o n  do no t  follow a clear p a t t e r n .  
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It is noteworthy that predicted surface temperatures are considerably 
lower than observed temperatures. 
recession predictions since all cases studied are on the diffusion controlled 
carbon oxidation plateau during most of the problem time. 

However, this has only a secondary effect on 

Failures to predict recession properly are to a large extent compensated 
in-depth by an overpredicted char layer thickness. The net effect is a gener- 
ally excellent pattern of prediction success for total pyrolysis penetration, 
and quite good thermocouple predictions. 

4.1.2 Discussion 

The p-qc map shown by Figure 35 does not indicate a consistent recession 
error pattern. Similarly, there is no obvious correlation of recession error 
with qc and he, except that all the good predictions are at low enthalpies 
(?. 5000  BTU/lb) and all the low predictions are at enthalpies above 10,000 
BTU/lb. There is, however, an interesting correlation of discrepancies between 
recession predictions and data with the degree of approach to steady state. 
The parameter m /mc provides a useful index of this approach. 
of the CHAP output indicates that this ratio at the final time exceeds 4 . 0  

for Cases 7, 12, 23, and 2 4 .  In all these cases the predicted recession is well 
below the observed recession. Furthermore, the steady state recession is 
noticeably below the observed recession in these cases. In contrast, Cases 
16, 18, and 21 (we discount Cases 19 and 20 as being anomalous) have 4 /A 
less than 2.75 at the final time and show good agreement between predicted and 
observed recession. Furthermore, for these Cases the observed recession is 
below the steady state recession except in Case 18, where it exceeds the steady 
state value slightly. This evidence suggests that the blowing correction 
(blockage) is too great for the pyrolysis gas, an effect which would be 
noticeable when most of the mass transfer represents pyrolysis gas. 
evidence tends to support a fissure model or some related model. 

Detailed study 
P 

P C  

Thus this 

Finally, of course, it must be recognized that all the comparisons be- 
tween data and experiment hinge upon the adequacy with which the test environ- 
ment has been characterized. A careful attempt has been made in this work to 
select believable data. Nevertheless, the possibilities for errors remain large, 
particularly when test stream non-uniformities typical of arc tunnels are pres- 
ent. Case 12 presents an example of the possibilities. Reference 3 reports 
two enthalpies for this test differing by a factor of two. The higher one, 
based on a heat flux measurement, was chosen for the prediction because it was 
felt to represent the test location more accurately. However, had the lower 
value (presumably the bulk value) been chosen, the prediction would have been 
quite close. 



Cases 19 and 20 present another interesting example, representing the 
same test condition and the same run time,. but with observed recessions differ- 
ing by a factor of three. 

The CHAP code, as applied here to nylon phenolic, represents simple 
carbon oxidation. To the extent that observed recession data fall above a 
steady state plateau limit, the CHAP code will not predict observed recession 
without program changes. 
are 

Possible new ablation models which might be explored 

The fissure model, in which the pyrolysis gas is not effective in 
reducing convective heating and mass transfer (blockage). This model 
would raise CHAP surface tempeatures and recessions considerably. 

Q Mechanical erosion of char, 

e Char shrinkage. Even a 10% shrinkage would be significant in some 
of the cases studied due to the relatively large char thickness 
compared with recession amounts. 

Test stream ingestion through a poorly sealed or cracked test model, a 

4.2 AVCOAT 5026-39HC/G 

4.2.1 Results 

The Avcoat runs were made with the in-depth properties of Appendix A 
revised according to the results of Section 3.2: slower pyrolysis kinetics 
and an equilibrium pyrolysis gas specific heat model shown in Figure 9. The 
surface oxidation kinetics were revised to the "Scala fast" values cited in 
Figure 2 .  

sity was assumed to be 18 lb/ft3. 
The virgin material density wits taken as 31 lb/ft3. The char den- 

Table 12 summarizes the Final Calculation recession and char thickness 
results. For most of the Avcoat runs a pyrolysis zone thickness was reported 
in addition to the char layer thickness; where available, this quantity is 
shown also. Figures 36-43 show the therniocouple results for those cases not 
already discussed and illustrated in Section 3 . 2 .  

map of the conditions studied and indicates the percent errors in recession and 
total pyrolysis penetration predictions. 

Figure 44 shows a p-qc 

4.2.2 Discussion 

The Avcoat recession results are :rather similar in pattern to the nylon- 
phenolic results, except there are sever,il rather high predictions. The low heat 
flux cases show a particularly mixed pat-tern of success. A s  was the case for 
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nylon phenolic, however, the low prediction Cases 41, 55, 62, and 66 are all 
strongly transient cases for which the pyroiysis gas evolution rate is exces- 
sive compared with the steady state value corresponding to char loss rate. 
Otherwise there is no appreciable pattern to the observed errors. 

It is not really clear that the ablation for Avcoat is well described 
by a carbon oxidation model. Case 52, a 7% caxygen case, was predicted very 
poorly, as discussed in Section 3.2. Case 16 represents a pure nitrogen case. 
for which the CHAP prediction with an oxidation model is of course zero, 
whereas the observed recession is substantial. 

Also as was the case for nylon phenolic, the total pyrolysis penetration 
predictions are better than the surface recession predictions, although for 
Avcoat the discrepancies are larger than desired. 

4.3 SILICONE ELASTOMER 

4.3.1 Results 

The silicone elastomer runs were made with the in-depth properties of 
Appendix A, but with a revised surface mass loss law according to the findings 
of Section 3.2. Oxidation was suppressed and all mass loss was computed accord- 
ing to the McLain (Ref. 8) law using the sublimation constants of CHAP. The 
virgin material density was set at 33.5 lb/ft3 and the char density was 16 lb/ft3. 

Table 13 summarizes the Final Calculation recession and char thickness 
results. Figure 45 and 46 show the thermocouple results for the two cases with 
thermocouple data which are not iterative cases already discussed and illustrated 
in Section 3.2. Figure 47 shows a p-qc 
indicates the percent errors in recession and total pyrolysis penetration predic- 
tions. 

map of the conditions studied and 

4.3.2 Discussion 

On the whole, the silicone elastomer recession amounts are not well 
predicted by CHAP I. In Cases 1, 4, 8, 9, and 10, this seems to be due to char 
swell. All these cases had recession amounts small compared with the char thick- 
ness, and a char swell of 25% of the observed char thickness would rationalize 
the discrepancies quite well. This is a believable amount of char swell for 
this material. 

Cases 5 and 6, however, would require a much larger char swell (about 7 5 %  

of the observed thickness) to rationalize the overprediction of recession, while 
Cases 7 and 14 are substantially underpredicted. 
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Examination of the results in terms of p ,  qc, and he indirates that the 
good predictions, that is, those which can be rationalized by assuming 2 5 %  

char swell, are confined to heat fluxes of! less than 2 5 0  BTU/ft2sec, and 
pressures less than . 0 2  atm. The high and low predictions share a common ground 
at high heat fluxes (roughly 300 to 500 BTU/ft2sec) and high pressures 
( >  0.1 atm). There are no features evident which distinguish the conditions of 
the high prediction cases from those of the low prediction cases. That the 
good predictions are confined to heat fluxes below 250  BTU/ft2sec is somewhat 
surprising, since the McLain surface recession correlation was developed only 
for data above this limit. 

A s  was the case for nylon phenolic, inaccuracies in recession prediction 
are compensated for by opposite inaccuracies in char thickness predictions, 
so that total pyrolysis penetration predictions are fairly satisfactory. In 
Cases 4 ,  5, 6, 8, and 9 this prediction aqrees with the data to within‘about 
10%. Similarly, thermocouple predictions are on the whole quite good. 
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SECTION 5 

CONCLUSIONS AND SUMMARY 

The CHAP I code has been tested on three materials over a range of en- 
vironmental conditions. The following subsections summarize the conclusions 
drawn about best material properties for program input and the range over which 
the code may be used with confidence in each case. 

5.1 NYLON PHENOLIC 

5.1.1 Properties 

The material considered is defined on p. 2 .  The properties of Tabl-e A - 1  

of Appendix A were employed for nylon-phenolic, with the following changes: 

Densities 

The virgin material density was taken as 35 lb/ft3. The char density 
was set at 15 Ib/€t3. 

Heat of Combustion 

This was changed from a constant value of 5000 BTU/lb to the tabular 
function presented in Table A-4. 

Oxidation Kinetic Constants 

These were changed from the Table A-1 values to 

Ac = 6.73 x lo8 

Bc = 39,875'R 

n = 1/2 

lb/ft2sec atm"' 

5.1.2 Range of Applicability 

Predictions were made in the following approximate ranges: 

5000 to 15,000 Enthalpy he (BTU/lb) 

Cold Wall Heat Flux qc (BTU/ft2sec) 40 to 250 

Pressure p (atm) .01 to . 3  

4-4 



In Option 2 (specified heat flux and recession), char thicknesses, total 
pyrolysis penetration, and thermocouple responses were well predicted. Pyroly- 
sis penetration (measured from the original surface location) was predicted to 
within +10 percent and char thickness to within 25 percent. 
sponses met the criteria of Section 3.1.2. 

Thermocouple re- 

In Option 1 (specified heat flux, pressure, and enthalpy), recession was 
predicted to within 25 percent in only three cases, all remaining cases but one 
showing underpredictions of up to 70 percent of the observed recession. The 
good predictions were observed to be for problems which neared steady state; 
in strongly transient problems, recession was underpredicted. Pyrolysis pene- 
tration predictions for the Option 1 cases were excellent and were within 10 
pcercent of the test value except in only two cases. Similarly, thermocouple 
predictions were good and met the criteria established in almost all instances. 

5.1.3 Concluding Remarks 
For the cases considered, the CHAP I code did an excellent job in pre- 

dicting the pyrolysis penetration and thermocouple response in low density nylon 
phenolic. Recession predictions were good near steady state but poor for tran- 
sient problems: this may be due to a faulty blowing reduction model during early 
problem periods when the conventional blowing reduction expressions cause sub- 
stantial reductions in transfer coefficient due to the large amount of pyrolysis 
gas. 

To obtain good recession agreements in low temperature cases it was neces- 
sary to increase surface oxidation kinetics from the nominal value to relatively 
fast kinetics. However, the values selected are merely literature values often 
used as reference values. The test data available are certainly not adequate 
to define the oxidation kinetics with any degree of accuracy. 

5.2 AVCOAT 5026-39-HC/G 

5.2.1 Properties 

The material considered is defined or p. 2 .  The properties cited in 
Appendix A were used, with the following changes: 

Heat of Combustion 

This was changed from the constant ve.lue of 5000 BTU/lb cited in Appen- 
dix A to the tabular function presented in Table A-4. 
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Oxidation Kinetic Constants 

These were changed from the Table A-3 values to: 

Ac = 6.73 x lo8 

Bc = 39,875'R 

n = 1/2 

lb/ft2sec atm'/' 

Densities 

The virgin density was taken as 31 lb/ft3. 

The char density was taken as 18 lb/ft3. 

Pyrolysis Kinetics 

The pyrolysis kinetics pre-exponential constant was changed from the 
Appendix A value to the faster value 

A = 1.03 x lo4 lb/ft'sec 

5 . 2 . 2  Range of Applicability 

Predictions were made in the following approximate ranges: 

Enthalpy he ( B T U / l b )  3500 to 16,000 

Cold Wall Heat Flux qc (BTU/ft'sec) 90 to 600 

Pressure p (atm) .01 to . 5  

In Option 2 (specified heat flux and recession), char thicknesses, total 
pyrolysis penetration, and thermocouple responses were well predicted. Pyroly- 
sis penetration was predicted to within 13 percent and char thickness to within 
25 percent. Thermocouple responses met the criterion of Section 3.1.2. 

In Option 1 (specified heat flux, pressure, and enthalpy), recession was 
poorly predicted, with some overpredictions exceeding 100 percent and some under- 
predictions falling below 50 percent. There was no obvious correlation to the 
discrepancies with any of the major test parameters: pressure, heat flux, and 
enthalpy, except that there was a tendency for the predictions to improve as 
steady state was approached. Total pyrolysis penetration was predicted to with- 
in 30 percent except in only 3 of 12 cases. Generally, thermocouple predictions 
met the criterion of Section 3.1.2. 

5.2.3 ConcI.uding Remarks 

For the cases considered, the CHAP I code did an excellent job in pre- 
dicting the pyrolysis penetration and the thermocouple response in Avcoat 
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5026-39-HC/G. Recession predictions were quite scattered and must be judged 
unsatisfactory. The scatter may be due to inadequacies in the basic ablation 
model used; however, it would not be poss:ible to recommend needed changes with- 
out a study of considerably more cases than have been studied here. 

The CHAP I1 code should be used in further studies to explore the pos- 
sible effects of coking in lowering the iljected pyrolysis gas fluxes and hence 
in decreasing the b l o w i n g  corrections, and to obtain better values of the py- 
rolysis gas specific heat. 

5 . 3  FILLED SILICONE ELASTOMER 

5 . 3 . 1  Properties 

The material considered is defined on p. 2 .  The properties of Table A-2 
of Appendix A were employed for the calculations with the exception of' the den- 
sitites and the mass removal law: 

Densities 

The virgin material density was taken as 3 3 . 5  lb/ft3. 

The char density was taken as 16 :Lb/ft3. 

Heat of Combustion 

The heat of combustion was not em?loyed since the oxidation mechanism 
was suppressed. 

Surf ace Removal 

Oxidation was suppressed by setting the oxidation reaction constant AC 
equal to zero. 
was matched to the McLain model of Ref. 8 by setting the sublimation constants 
as follows 

The values of Bc and X are then irrelevant. Surface removal 

5 6  

As = 3 3 . 3  (?I 
Bc = 29,011OR 

lb/ f t s ec 

It was necessary to compute As for each case considered. 
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5.3 .2  Range of Applicabili9 

Predictions were made +in the following approximate ranges : 

Enthalpy he (BTU/lb) 5000 to 20,000 

Cold Wall Heat Flux qc (BTU/ft2sec) S O  to 500 

Pressure p (atm) . 0 0 5  to . 3  

In Option 2 (specified heat flux and recession), char thickness, total 
pyrolysis penetration, and thermocouple responses were well predicted. Pyroly- 
sis penetration (measured from the original surface location), was predicted tc 
within 5225 percent in three of four cases. 
within 2 0  percent in all cases. Thermocouple predictions were excellent. 

Char thickness was predicted to 

In Option 1 (specified heat flux, pressure, and enthalpy), total pyroly- 
sis penetration was predicted to within 2 2 5  percent in all but one of nine cases. 
Thermocouple predictions were acceptable. Recession predictions were confused 
by char swell. A reasonable swelling allowance of 2 5  percent of the char thick- 
ness rationalizes five of the nine cases predicted, all at heat fluxes less than 
250 BTU/ft2sec. The remaining four were poorly predicted, with no correlation 
pattern apparent. 

Determination of the proper ablation model for the filled silicone elasto- 
mer at high heat fluxes will require the study of more cases. Even the low heat 
flux model apparently successful here should be viewed with suspicion, since the 
data upon which it is based were obtained at higher heat fluxes. 

5.4 OVERALL CONCLUSIONS 

Considering all cases examined and all cases studied, the CHAP I code 
produced excellent predictions of total pyrolysis penetration and of thermo- 
couple responses for all three materials in a heat flux range of 5 0  BTU/ft2sec 
to 5 0 0  BTU/ft*sec, a pressure range of 0 . 0 0 4  atm to 0.5 atm, and an enthalpy 
range from 2 0 0 0  BTU/lb to 18,000 BTU/lb. In addition, recession predictions 
for nylon phenolic are good as steady state is approached, but strongly tran- 
sient cases are underpredicted. Recession amounts for Avcoat and the filled 
silicone elastomer are less well predicted, although again there is some evi- 
dence that cases near steady state are better predicted. Further study of 
these materials, possibly with the CHAP I1 code to explore the effects of cok- 
ing, is needed. 
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PROPERTY VALUES USED I N  QIJALIFYING CALCULATIONS 
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NOMINAL THERMOCHEMICAL PROPERTIES FOR LOW DENSITY PHENOLIC NYLON 

Activation Temperature I3 
Effective Heat of Pyrolysis 

VIRGIN MATERTAL PROPERTIES 

23,200 OR 
550 BTU/lb ! 

Density pv L l 2 2 F - I  
Specific Heilt - BTU/lboR 
7- 

Temperature 
OR 

560 
660 
760 
860 
950 

1060 

- 
C 
PV 

.36 

.43 

.495 

.535 

.545 

.545 

Thermal Conductivity - BTU/ft-secoR 
I I --I 

Temperature 
OR 

t . .7 
540 
700 
900 

1100 
1280 

1.28 10'~ 
1.28 
1.41 
1.48 
1.51 i o m 5  

PYROLYSIS CONSTANTS 

Reaction-rate constant Zi 11.586 x 

A-3 



TABLE A-1 (Continued) 

Effective Specific Heat of Pyrolysis Gases 

I Density pv 

BTU/ 1 b O R 

OR 

500 
1000 
1500 
1800 
2000 
2100 
2500 
2800 
3000 
3300 
3500 
4000 
5000 
6000 

Temperature 

, ._I_-. 

12 lb/ft3 

- 
C 

P 

.87 

.87 

.87 
1.15 
1.97 
2.80 
3.25 
2.80 
1.80 
1.24 
1.05 
1.2 
2.2 
4.78 

- . ~  

Temperature 
OR , ~ 

CHARRED MATERIAL PROPERTIES 

PV 
c 

__________- 

Specific Heat - BTU/lhoR 

.54 I I 1 All 

Thermal Conductivity - ETU/ft-secoR 

kv Temperature 
OR 

- - _ _ _ _ ~  - -. 

500 2.5 1 0 - ~  
1500 2.5 1 0 - ~  

2500 20 1 0 - ~  
300 30 x 1 0 - ~  
3500 42.5 x 10-5 
4000 60 x 10-5 
4500 76.2 x 10-5 
5000 l o o  x 10-5 
5500 123 10-5 

2000 8 x lo-' 

A-4 



TABLE A-1 (Concluded) 

4 

Activation Temperature, Bc, O R  12 
Reaction Rate Constant, Ac, lb/ft2sec-atm 

Mass of Char Removed Per Unit Mass of 

Heat of Combustion, Ahc, BTU/lb 
Surface Emittance . 8  

76,500 

Reaction order, n 1 

Oxygen, A, lb/lb .75 
5,000 



TABLE A-2 
NOMINAL THERMOCHEMICAL PROPERTIES FOR FILLED SILICONE RESIN IN HONEYCOMB 

Temperature 
.OR . 

VIRGIN MATERIAL PROPERTIES 

Density pv 40  lb/ft3 

C 
PV 

Specific Heat - BTU/lboR 

All 

I 

1.98 10'~ 

i 

Reaction Rate Constant A 2700  lb/ft2sec 
Activation Temperature B 20,000°R 
Effective Heat of Pyrolysis Ah 250  BTU/lb P 

510  

560  

660 

7 6 0  

860  

960 

1 0 6 0  

.354 

.365 

.382 

.396 

.410 

.419 

.427 

Thermal Conductivity - BTU/ft-secoR 

Temperature I OR I ' -  

I 
1 I 

I I 

Effective Specific Heat of Pyrolysis Gases - BTU/lboR 
- I Temperature I C- 

L I 

A-6 



TABLE A- 2 (Concluded ) 

CHARRED MATERIAL PROPERTIES 

I Density pc I 20 lb/ft3 

Specific Heat - BTU/lboR 

Temperature 1 O R  , 1 cpc I 
Efl 

Thermal Conductivity - BTU/ft-secOR 
Temperature 

OR 

500 
1000 
1500 
2000 
2500 
3000 
2500 
4000 

kc 

1.9 x 10-~ 
2.4 x 10-5 
2.9 x 10-5 
3.3 x 
3.7 x 10-5 
4.0 x 10-5 
4.2 x 10'~ 
4.4 x 

SURFACE CONSTANTS 
~~~ ~ 

Activation Temperature, Bc, O R  
I 

1 
' Reaction order, n 

Reaction Rate Constant, A,, lb/ft2sec-atm s 

Mass of char removed per unit mass of 
oxygen, A ,  lb/lb 
Heat of Combustion, Ah , BTU/lb 
Melt Temperature, OR 
Heat of Fusion, BTU/lb 

e 

I 

39,872 
6.73 x 10 
.5 
5,000 
0.1 
5,000 
3,800 
60 



TABLE A-3 

NOMINAL THERMOCHEMICAL PROPERTIES FOR AVCOAT 5026-39-He/G 

VIRGIN MATERIAL PROPERTIES 

Density p, I 32 lb/ft3 1 

Specific Heat - BTU/lboR 1 Tempziature 

560 
660 
760 
860 
960 

,1060 
1160 

C 
PV 

.329 

.364 

.397 

.406 

.418 

.424 

.425 

Thermal Conductivity - BTU/ft-secoR 
~ 

Temperature 
OR 

500 
600 
723 
973 

1070 
1135 
1244 

1250 
1400 

C 
pv 

4- 8 



TABLE A-3 (Continued3 

Reaction Rate Constant A 
Activation Temperature B 
Effective Heat of Pyrolysis Ah 

I’ 

128,000 lb/ft2sec 
19,600°R 
200-250 BTU/lb 

Effective Specific Heat of Pyrolysis Gases - BTU/lboR 

/oeLyt pc 

I cp I Temperature 
O R  

20 lb/ft3 

All 

.25 

. 3  

.348 
,397 
.445 
.494 
.5 ‘ .5 

I I 
CHARRED MATERIAL PROPERTIES 

Specific Heat - BTU/lboR 

Temperature 
OR 

720 
1080 
1440 
1800 
2160 
2520 
2574 
5000 



TABLE A-3 (Concluded) 

Thermal Conductivity - BTU/ft-secoR 

Temperature 

5 4 0  

1 6 6 0  

1 8 6 0  

2060  

2460  

3060  

3460  

5 4 6 0  

kc 

3.88 x 10-5 
3.88  

6.10 

8.33 

11 .7  x 
1 6 . 7  

19.5 

2 0 . 0  

SURFACE CONSTANTS 

Activation Temperatures, Bc, OR 
Reaction Rate Constant, Ac, lb/ft2sec-atm 
Reaction order, n 
Mass of Char Removed per Unit Mass of Oxygen, A ,  lb/lb 
Heat of Combustion, Ahc, BTU/lb 

76,500 

1 x 1o1O 

1 . 5  

5 , 0 0 0  

A-10 



TAEILE A-4 

HEAT OF COMBUSTICIN ( B T U / l b )  FOR CARBON 

Temperature 
(OR) 

1800 
2700 
3600 
4500 
5400 
6300 
7200 

I Pressure 

0.1 
- -- 

4110 
4266 
4454 
4871. 
62651 

1022Cl 
13540 

1.0 

4110 
4226 
4447 
4697 
5295 
6995 

13050 

10.0 

4110 
4226 
4446 
4656 
4983 
5679 
7134 

100 .o 

4110 
4266 
4445 
4643 
4884 
5245 
5869 

A-11 
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